Abstract.
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The long term relative stability of each of the five PFRs that were part of the triad is presented in Figure 1 . The left panel shows the 1 minute AOD PFR differences, compared using the WMO-U95 criterion at all four PFR measuring wavelengths.
It should be noted that all instruments are measuring at WORCC in Davos, Switzerland. They are mounted on the same solar tracking system and their signal is processed using a common processing algorithm. In the 12 years of 1-minute measurement data, more than 99% of retrieved AOD lies within the U95-WMO criterion, at all wavelengths. The right panel 20
of Figure 1 shows in more detail the individual instrument comparisons with the mean triad AOD. As shown, all differences are well within ±0.005 with small shifts for different PFRs and particular wavelengths.
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In order to continuously check and maintain the triad stability we have defined a calibration protocol including a frequent visit of instruments performing Langley calibrations at high altitude stations. For this (Langley) calibration method (Holben et al., 1998 , Michalsky et al., 2001 ) the main requirement is the stability of AOD during the measurement Langley periods (half days). Theoretically, this can be achieved anywhere, but in practice AOD is variable during the day, so the current practice is to perform such measurements at high altitude locations where AOD is very low, thus its variability is very small 5 on an absolute level. Since 2003, Mauna Loa, Hawai, USA (MLO, 19.5°N, 155 .6°W, 3397 m a.s.l.), Izana, Tenerife, Spain (IZO, 28.3°N, 16 .5°W, 2370 m a.s.l.), and Jungfraujoch, Switzerland, (JFJ, 3580 m asl 46.5°N, 7.9°E), have mainly been used for such Langley calibrations. PFR instruments have been permanently deployed at these stations for certain periods since 2003 and approximately every six months, one of these instruments is returned to WORCC to perform synchronous measurements in parallel with the triad. Table 1 lists the details of these visits. It describes for each period, the current status 10 of the PFR instruments of the triad, the transferred instrument performing the Langley plots, and the Langley plot measurement location and period. The determination of Vο with the Langley calibration method using a 6-month period of measurements requires high accuracy and quantification of the introduced uncertainties. Using a defined calibration method, the Vo accuracy can be traced back to the variability of the Vo determination and is related to the instrument precision and the procedures.
Practically, the long term stability of Vo is mainly related to degradation/changes in the transmission of the optical interference filters, or hardware related failures/changes that are linked to changes in the instrument signal. 20 Geosci. Instrum. Method. Data Syst. Discuss., https://doi.org/10.5194/gi-2017-51 Manuscript under review for journal Geosci. Instrum. Method. Data Syst. Based on Eq. 1 the AOD uncertainty, δAOD Vo , related to the Langley calibration factor equals ( ) where δln(V o ) is the uncertainty in ln(V o ). The uncertainty of ln(V o ) can be described by the coefficient of variation (standard deviation / mean, 15 (CV)) or in the case of a normal distribution by the standard error (standard deviation divided by the square root of the number of measurements, (SE)). For the particular example in Figure 2 , the calibration uncertainties are shown in Table 2 . 
GAW-PFR Network
A primary task of WORCC is the implementation of a global trial network at selected GAW stations with the objective of 20 demonstrating that PFR instruments together with standard calibration techniques and quality assurance procedures can be used to determine AOD with a precision adequate for the fulfilment of the objectives of GAW (WMO, 2001 ). In addition, it is intended that long term high resolution AOD measurements are conducted and analysed at selected GAW locations.
The locations together with their characteristics in terms of aerosol sources and their period of measurements are described in 
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In addition to the core GAW-PFR instruments, 30 other locations exist that are performing AOD measurements using PFR instruments belonging to individual users/institutes. An overview of data flow and availability for every location is shown in 
Instrument calibrations
Instruments are regularly calibrated (every one to two years, depending on instrument related and logistical aspects). The calibration of the filter radiometer has to be assured with an uncertainty of ±1% in order to achieve the required AOD uncertainty to be within the U95-WMO limits. Quality assured AOD data can only be obtained when pre-and post-5 deployment calibration constants are available. That means that AOD data for a certain location and period can only be considered as final after the recalibration of the instrument which is performed at the end of the specific period. The extraterrestrial calibration constants of an instrument x, V 0xR are determined by using 1-minute measurements S ix of the instrument to be calibrated, and synchronous measurement S iR of the reference (mean of the three triad PFRs) instrument.
The daily calibration constants V 0xR according to (Eq. 2) are determined for days where a number (N ≥120) of solar measurements unobstructed by clouds were collected. Comparing the instrument measurement signal to that of the triad, a new V 0xR is calculated and compared with the last one used. Details of such an analysis for a single day are shown in Figure   5 . Instrument signals are shown in Figure 5a , then the percentage differences of 1-minute data are calculated for all four wavelengths in Figure 5b . An example of the calculated AOD differences from the triad before and after the calibration is 25 finally shown in Figure 5c . For the specific instrument, the V 0xR differences for the particular day were up to 0.5% and depended on the wavelength. The impact of this difference in AOD calculation is an air mass dependent difference of 0.008 to 0.003. The average values V and standard deviations σ 0x of the daily mean calibration constants from each reference instrument are averaged to give the final calibration constants V 0x with an expanded uncertainty U95: 
The two terms under the square root in equation 3 describe the combined statistical (comparison) and triad uncertainty during the calibration period. 5
For a normal distribution, V0
corresponds to a coverage probability of approximately 95%.
The calibration is considered successful when the coefficient of variation CV = V0 / V 0x becomes smaller than ±0.5% for all 4 channels of the instrument to be calibrated. This limit is typically reached after 3 to 5 days of comparison. In Figure 6 , we show V0 calculated over an extended calibration period of 35 days for a PFR instrument measuring against the triad.
For each of the four PFR wavelengths, 2σ within the period is on the order of 0.4% to 0.9% of the mean Vo. In addition, we 10 have calculated the V0 limit in percent using Equation 3 for the instrument under calibration with each of the three PFRs that are part of the WORCC triad. For this particular case, all wavelengths are within the limit CV < 0.4% after three days and after 10 days within CV < 0.2%. 6°, i.e. below the horizon. The temperature dependence of its PFR is based on characterization measurements in a climate chamber. Corrections are applied only in cases when the dependence on Vo is more than ±2% for the range from -20° to 40°C.
 Sun Pointing 5
In order to ensure that the full solar disk is included in the field-of-view (FOV) of the instrument an accurate sun-tracking system is required. While a PFR instrument can be readily aligned to the sun with the required accuracy, a solar pointing monitor of the PFR is included in order to control the sun-pointing accuracy. This monitor consists of a four quadrant silicon detector that is illuminated through a pinhole of 1 mm diameter at a distance of 70 mm. When the light is centered, all four 10 quadrants produce equal signals. By subtracting signals from paired pixels, the sun spot can be localized (Wehrli, 2008) . The two lower right panels include some cloud related signal changes after 15 hour U.T. 25
 Check for crossing of wavelengths An additional quality control check detects instances when AOD at one of the four PFR wavelengths is less than that for a higher wavelength. This quality check is mainly performed in order to detect the erroneous performance of one of the four channels. The test also becomes very important when low AOD values are measured, which is the case at a number of 30 GAW-PFR stations. Small errors related to the calibration of one channel can be easily identified, as this results in a An example and the graphic representation of wavelength crossing is shown in Figure 9 . Based on the fact that AOD at lower wavelengths has to be at least equal or higher than that at higher wavelengths, colored points show the correlation of pairs of AOD values at different wavelengths and black points represent the cases when wavelength crossing occurs. The 5 figure is composed of 70350 1-minute, cloudless measurements from the year 2015 as recorded at Cape Point, South Africa.
For example, as many as 14.3% of data in the 412 -500 nm panel (red-blue section) do not pass the wavelength crossing test, so they are discarded form the post processing analysis. 
 Other issues
The spectral bandpass of all PFR instruments has been characterized for their effective spectral wavelength and bandwidth. This is determined as the average wavelength weighted by the spectral response and equivalent width of a rectangular 15 bandpass with equal throughput as the filter. Minimum and maximum central wavelengths (and bandwidths) that have been calculated were: 367.2-367.7 (3.5-3.7), 411.8-412.6 (4.3-4.4), 500.6-501.5 (5-5.1) and 861.3-863 (5.5-5.6 ). These measurements were performed using illumination by a grating monochromator (Jobin Yvon HR640) with 0.6 nm spectral resolution. Lately, a pulsed tuneable laser system for the characterisation of spectrometers and filter radiometers has been available at PMOD/WRC. Test measurements with PFR instruments did not show significant differences to the older 20 characterization measurements.
Cloud flagging
As AOD measurements cannot be performed under cloudy conditions, a cloud detection algorithm is used for the PFR measurements. Three different criteria are used (Wehrli, 2008) : 25 a. The instrument signal derivative with respect to air mass is always negative. The method has been developed and described in detail by Harrison and Michalsky (1994) . For cases when air mass values < 2 and the influence of clouds on the Geosci. Instrum. Method. Data Syst. Discuss., https://doi.org/10.5194/gi-2017-51 Manuscript under review for journal Geosci. Instrum. Method. Data Syst. An example of the use of these three criteria can be seen in Figure 10 , where a day with variable cloudiness at Davos is presented. Figure 10 . Example of a day with variable cloudiness, Upper panel: instrument signal at 500 nm and minute-by-minute 10 application of the three cloud flagging methods. The two inset pictures show a 360° view of the sky using a cloud-camera.
Lower panel: calculation of AOD at four wavelengths.
For this particular day, all three criteria are applied. In the early morning and evening, the thick cloud criteria are applied.
Then both the triplet and the objective method are applied due to variable cloudiness in front of the sun. However, there are 15 times during the day when only the objective method is applied (thin clouds in front of the sun as seen in the first picture that is superimposed in Figure 10 ). During the last part of the day (second picture), clouds completely disappear and cloud flagging is set to zero which means that all three criteria are passed. It has to be noted that cloud flagging is always kept as a constant number describing which one of the three criteria, or which combination is valid at a certain minute.
The lower panel shows the calculation of AOD for the whole day, with obvious deviations due to cloud occurrence for the 20 parts of the day when both criteria are fulfilled. It is interesting to see the 10:50 to 12:00 period which is a difficult period when defining the presence of clouds only with direct sun measurements. For this particular period, even if the AOD is low, the objective method shows the presence of thin clouds in front of the sun.
Final AOD data
During the calibration and quality control procedure, three levels of data are defined. 25
Level 1: These are the raw signal data as measured by the PFR instrument at the four different channels.
Level 2: These are AOD values. The data are produced at each measuring station using standardized software including: QC tests, cloud screening, sun-tracking details and signal-to-AOD conversion using an existing calibration file. Each of the In order to calculate hourly, daily and monthly statistics, we apply the following criteria:
 A minimum of 50 cloudless 1-minute measurements per day are required to calculate daily statistics. In this case, we eliminate days with less than one hour of sunshine.
 A minimum of six 1-minute cloud free measurements are required to calculate the hourly mean. 15  A minimum of 30 hourly values are required to calculate the monthly mean.
 Measurements that lie beyond two standard deviations for an hourly mean are considered outliers, as they are considered to be affected by cloud contamination.
Monthly statistics can be presented with different approaches. In most studies, AOD is usually reported as the arithmetic 20 mean and associated standard deviations over a selected period. This is based on the hypothesis of an underlying normal distribution. However, AOD is often better characterized by a lognormal distribution and described by geometric mean and standard deviation. Based on a statistical analysis of skewness and kurtosis in a multi-year and multi-station AOD data set, O'Neill and co-authors (O'Neill et al., 2000) have shown that a lognormal distribution systematically provides a more robust base for reporting AOD statistics than the normal distribution. Using long term series of the final-selected 1-minute AOD 25 data, users can then try to draw conclusions on the AOD climatology of each station, the aerosol changes if any, or the daily monthly and annual patterns. As an example of the three Langley calibration related stations IZO, DAV and MLO, monthly means calculated from 15 years of measurements are presented in Figure 11 . IZO and MLO are the Langley calibration sites and DAV the triad host site. When comparing MLO and IZO statistics, we calculate long term AOD 550 means of 0.050 and 0.020, respectively, and geometrical means of 0.033 and 0.017. Respective geometrical standard deviations are about 1.7 for MLO and 2.6 for IZO 5 meaning that AOD varies from 60% to 170% of 0.017 for MLO and from 38% to 260% of 0.033 for IZO. This is linked with the Saharan dust events (AOD outliers for a normal distribution) that affect IZO. An overview of the GAW-PFR AOD time series at all stations will be reported in a future study (Kazadzis et al., paper in preparation).
Summary and Conclusions
"AOD is the single most comprehensive variable to assess the total aerosol load of the atmosphere and represents the least 10 common denominator by which ground based remote sensing, satellite retrievals and global modelling of aerosol properties are compared" (WMO, 2016) . According to the WMO, multi-wavelength AOD is one of the essential variables that critically contribute to the characterization of Earth's climate. In addition, the Global Climate Observing System (GCOS) also includes atmospheric aerosols including AOD as an essential climate variable. Finally, the European Space Agency has included aerosols and AOD as one of the 10 climate change initiative (CCI) variables to be investigated with a view towards 15 building space-based databases.
In order to monitor AOD over the long-term and provide data of traceable quality, the World Optical depth Research and Calibration Centre (WORCC), Davos, was established by the WMO Global Atmosphere Watch (GAW) program. Fifteen existing GAW baseline stations were chosen for the deployment of PFRs (Precision Filter Radiometer; in-house 20 manufacture). Quality controlled and assured AOD data from this GAW-PFR network (www.pmodwrc.ch/worcc) are being submitted by WORCC to the World Data Centre for Aerosols (ebas.nilu.no).
Under conditions of low aerosol loading, e.g. AOD < 0.1 at 500 nm, a calibration error of 1% results in an error of ~12% in the mean daily AOD. WMO has recommended (WMO, 1994) an absolute limit to the estimated uncertainty of 0.02 optical 25 depths for acceptable data and <0.01 as a goal to be achieved in the near future. These specifications require a calibration uncertainty better than 2% to be achieved for spectral radiometers. In addition, measurement quality control and quality assurance in different processing levels of the actual measured direct sun signals or retrieved AOD have to be included.
The calibration hierarchy of any network of sun-photometers is linked with the instrument performance and stability over 30 time. Instruments which do not exhibit good stability (e.g. filter degradation) over time, tend to utilise short periods for Langley calibrations where the instrument response can be considered constant. This can impact the calibration constant uncertainty through the limited number of measurements and the statistical analysis that is used. The PFR development and construction has been based on the use of specific hardware and manufacturing techniques that make them reliable for long term measurements without rapid interference filter changes (e.g. Fig. 2 ). This provides the opportunity of using longer 35 periods for collecting Langley calibration results and thus results in better statistics for the determination of the calibration constants.
Quality control of routine WORCC/PFR measurements includes a number of measurement related checks, including: the optical window cleanliness and the accuracy of the sun-pointing. In addition, a number of parameters such as pressure, ozone 40 and NO 2 concentrations have to be measured/assumed/modelled. Further QC procedures involve data evaluation; especially Geosci. Instrum. Method. Data Syst. Discuss., https://doi.org /10.5194/gi-2017-51 Manuscript under review for journal Geosci. Instrum. Method. Data Syst. Discussion started: 23 October 2017 c Author(s) 2017. CC BY 4.0 License.
rejecting measurements with wavelength related drifts (crossing) and suspected cloud contamination in the line-of-sight.
Cloud screening becomes a difficult task especially in the case of optically thin clouds that cannot be easily distinguished from AOD associated with coarse mode aerosols. Finally, quality assurance od AOD data mainly includes the determination of a proper calibration (extraterrestrial signals) within the required uncertainty.
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WORCC has defined a protocol for calibrating the PFR instruments by maintaining a triad of reference PFRs that exhibit differences well within (more than 99% of 1-minute data over a 12 year period) the U95 WMO criterion. The procedure includes systematic checks including comparisons with instruments that perform measurements (Langley calibrations) at high altitude stations.
10
One of the aims of WORCC is the provision of instrumentation and protocols for uniform global measurement and records of AOD and the maintenance of the radiometric reference for such measurements. So in addition to the hosting and maintenance of the AOD triad, WORCC hosts the filter radiometer comparison every five years (e.g. WMO, 2016) and maintains long term AOD measurements at the main calibration sites of other aerosol networks such as AERONET (Mauna Loa, USA; Izaña, Spain) and SKYNET (Chiba, Japan; Valencia, Spain).
